Introduction
Fluorescent labeling has dramatically increased the efficiency in the detection of target molecules. In particular, microarray technology allows parallel analysis of targets through specific molecule recognition of probes arrayed in a high-density configuration on a solid substrate. Typical DNA microarrays, 1 and protein arrays, 2 enable clinical diagnostics ranging from the discovery of disease-related genes to the detection of biomarkers. The sensitivity of target detection based on such fluorescent labeling is limited owing to the inherent fluorescence signals of a dye. Because an enhancement of fluorescence leads to improved sensitivity, enhancing fluorescence is becoming increasingly important for advances in contemporary genomic and proteomic research.
A number of substrates including three-dimensional micro/nanostructured surfaces have been developed to enhance fluorescence. [3] [4] [5] [6] [7] [8] Fluorescence enhancement based on the localized surface plasmon resonance of a silver island structure is well known as a typical fluorescence enhancement technique. Such a structure can improve the sensitivity of target detection up to approximately 50-fold compared with that of a flat control surface. [9] [10] [11] In addition, porous and pillar structures with large surface areas can improve the sensitivity up to approximately 7-fold, [12] [13] [14] and 34-fold, [15] [16] [17] respectively. Among various substrates, we focused on an optical interference mirror (OIM) slide that consists of a plane mirror covered with an optical interference (OI) layer. The strategy using the OIM slide is based on double interference of both the excitation light and the fluorescence in the OI layer. Hall's group first reported that the fluorescence from rhodamine B on an OIM slide consisting of an Ag mirror and an OI layer of LiF achieved an enhancement of more than 100-fold. [18] [19] [20] [21] Although it depended on the OI layer thickness, this enhancement exceeding two orders of magnitude has attracted much attention. The large magnitude of the enhancement is mainly explained by the waveguide mode in the OI layer and the surface plasmon induced on the mirror surface. 18 In general, it is inadequate to only enhance the fluorescence as a substrate for biomolecular analysis. An ideal substrate should ensure facility, reproducibility, and productivity for the fabrication of a surface structure. Many reported substrates including the aforementioned three-dimensional micro/nanostructured surfaces involve some controls, such as the size, shape, and density of surface structures. Although the fabrication of such substrates is difficult, the OIM slide satisfies all of the requirements. The only significant control factor in the fabrication of the OIM slide is the thickness of the OI layer. Thus, the OIM slide is expected to be a promising alternative to traditional substrates for biomolecular analysis.
We previously succeeded in enhancing the fluorescence from rhodamine B up to 200-fold by using an OIM slide that consists of an Ag mirror and an OI layer of Al2O3. 22, 23 This Ag/Al2O3 structure has also been reported by another group. 24, 25 Other reported substrates based on OI include substrates with an Si/SiO2 structure, [26] [27] [28] and those with a dielectric multilayered structure. [29] [30] [31] However, the enhancement with these substrates was less than 20-fold. Therefore, we predicted that the presence of an Ag mirror is essential for high-sensitivity detection of biomolecules on an OIM slide.
In this study, we demonstrated highly sensitive fluorescence detection of protein using an OIM slide fabricated with Ag and Al2O3 to improve the sensitivity of biomolecular analysis. Avidin and streptavidin labeled with fluorescein, Cy3, and Cy5 were detected with biotin immobilized on the OIM slide. The detection sensitivity of the avidin/streptavidin using the OIM slide was evaluated by a comparison with that obtained using a conventional glass slide. This paper presents highly sensitive fluorescence detections of avidin and streptavidin using an optical interference mirror (OIM) slide consisting of a plane mirror covered with an optical interference layer. Compared with a common glass slide, the OIM slide can enhance the fluorescence from a dye by more than 100-fold. We fabricated an OIM slide by depositing an optical interference layer of Al2O3 on an Ag mirror. To enhance the fluorescence maximally, the optimal thickness of the Al2O3 layer was estimated from optical interference theory. For detections of protein, avidin/streptavidin labeled with fluorescein, Cy3, and Cy5 were detected with biotin immobilized on an OIM slide with the optimal Al2O3 thickness. We achieved a sensitivity improvement of more than 50-fold, comparing with a glass slide. Such a high degree of improvement would be a significant contribution to further progress in biomedical research and medical diagnostics. 
Highly

Experimental
Reagents and proteins (3-Aminopropyl)trimethoxysilane (APTMS) and biotin were purchased from Sigma-Aldrich Co. (MO). A sulfo-NHS biotin derivative (biotin N-hydroxy-sulfosuccinimide ester) was purchased from Dojindo Laboratories (Kumamoto, Japan). In this paper, to avoid confusion, biotin and the sulfo-NHS biotin derivative are referred to as non-activated biotin and NHS-activated biotin, respectively. Fluorescein-labeled avidin was procured from Calbiochem (CA). Cy3-and Cy5-labeled streptavidin were obtained from GE Healthcare UK Ltd. (Buckinghamshire, England). Bovine serum albumin (BSA) and 2-amino-2-hydroxymethyl-1,3-propanediol (Tris) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Tris-HCl buffer (10 mM, pH 7.4) was prepared as a buffer for analysis.
Fabrication of the OIM slide
Microscope glass slides were first sonicated in ethanol for 1 h, rinsed with H2O, and then dried in an oven at 100 C. The OIM slide was fabricated according to a procedure described previously. 22, 23 Briefly, the OIM slides were fabricated by depositing Cr as an adhesive, Ag as a mirror, and Al2O3 as an OI layer onto cleaned glass slides. The thicknesses of the Cr and Ag layers were 15 nm and 1 μm, respectively.
Design of the Al2O3 thickness
Because the thickness of the Al2O3 layer that provides the maximum fluorescence enhancement varies among dyes, the optimal Al2O3 thickness was determined for each dye. From our previous results, it was possible to estimate the optimal Al2O3 thickness on the basis of OI theory: n2dcos θ2 = (2m + 1)λ/4, (m = 0, 1, 2…). 23 The refractive indices, n1 of air and n2 of Al2O3, were assumed to be 1 and 1.62, 32 respectively. When the incident angle, θ1, was assumed to be 0 , the refraction angle, θ2, was calculated from Snell's law. λ is the emission wavelength of a dye and d the Al2O3 thickness. In this study, m = 0 was adopted corresponding to the first bright fringe.
The optimal Al2O3 thicknesses for fluorescein (Excitation (Ex), 490 nm; Emission (Em), 514 nm), Cy3 (Ex, 550 nm; Em, 570 nm), and Cy5 (Ex, 649 nm; Em, 670 nm) were determined to be 79, 88, and 103 nm, respectively. Thus, the Al2O3 thickness of 80 nm for the detection of fluorescein-avidin, 90 nm for Cy3-streptavidin, and 100 nm for Cy5-streptavidin were used.
Immobilization of biotin
The OIM slides were aminated by incubating in 1% APTMS diluted with H2O for 1.5 h, washing in H2O for 10 min, and then drying in an oven for 10 min at 110 C. NHS-activated biotin dissolved with H2O was arrayed onto the aminated OIM slides using a spotter (BioChip Arrayer, PerkinElmer). The spotting conditions were a distance of 1 mm between the centers of adjacent spots and a solution volume of 10 nL. The OIM slides were immersed in 10 mg/mL of BSA dissolved in H2O, which acts as a blocking reagent. After 30 min, the OIM slides were washed in H2O for 30 min and then dried at room temperature.
To verify the immobilization of biotin, the same process was performed with non-activated biotin dissolved with H2O.
Detection of avidin/streptavidin
Two methods were employed to evaluate the sensitivity of the avidin/streptavidin detections with the OIM slide. In this study, these methods are referred to as a solution assay and a spotting assay. The solution assay was used to examine both the concentration dependence of the immobilized biotin and the detection sensitivity. Similarly, the spotting assay was used to examine the concentration dependence of the dye-labeled avidin/streptavidin and the detection sensitivity. Detailed protocols for each assay method are described below and their schemes are shown in Fig. 1 .
Solution assay
The solution assay is a common analytical method for biomolecules. NHS-activated biotin was first arrayed onto the aminated OIM slides at concentrations of 0 -10 μg/mL. The biotin-immobilized OIM slides were then immersed in 1.0 or 10 μg/mL of the dye-labeled avidin/streptavidin solution dissolved in a Tris-HCl buffer. After 30 min, the OIM slides were washed in the Tris-HCl buffer for 30 min, rinsed with H2O, and then dried at room temperature.
Spotting assay
The spotting assay is characterized by examining a single substrate concerning the concentration dependence of targets. Because this method does not require the preparation of several substrates for each target concentration, a more detailed quantitative estimation of the assay compared with that using common analytical methods, such as the solution assay, is possible.
After 10 μg/mL of NHS-activated biotin was first arrayed onto aminated OIM slides, 10 nL of a dye-labeled avidin/streptavidin solution was then directly spotted onto the biotin spot area of the biotin-immobilized OIM slides at concentrations of 0 -1.0 or 0 -10 μg/mL in the Tris-HCl buffer. To bind dye-labeled avidin/streptavidin to the immobilized biotin, the OIM slides were immersed in the Tris-HCl buffer. After 30 min, the OIM slides were washed in the Tris-HCl buffer for 30 min, rinsed with H2O, and then dried at room temperature.
To demonstrate that the fluorescence from the dye was not due to nonspecific adsorption of dye-labeled avidin/streptavidin, the same process was performed with the non-activated biotin-arrayed OIM slides. 
Fluorescence imaging
The fluorescence from the dye was detected with a fluorescence scanner (Typhoon 9410, GE Healthcare UK Ltd.). The dye was excited with a laser, and the fluorescence was detected using a bandpass filter; a 488-nm laser and a 520-nm filter for fluorescein; a 532-nm laser and a 580-nm filter for Cy3; a 633-nm laser and a 670-nm filter for Cy5. The obtained fluorescence images were analyzed with software (ImageQuant TL) provided by the manufacturer of the fluorescence scanner. The sensitivity of the avidin/streptavidin detections using the OIM slide was evaluated by a comparison with that using a glass slide.
Results and Discussion
Verification of biotin immobilization
First, the immobilization of biotin onto the OIM slide was verified. The immobilization was demonstrated by comparing the fluorescence intensity obtained for three different surfaces: the NHS-activated biotin-arrayed surface, the non-activated biotin-arrayed surface, and an unarrayed surface. For the NHS-activated biotin-arrayed surface, it was expected that the NHS-activated biotin would bind to the amino group on the OIM slide surface via amide binding. On the other hand, for the non-activated biotin-arrayed surface, the non-activated biotin should not bind with the amino group. The results obtained when the OIM slide with 10 μg/mL arrays of NHS-activated and non-activated biotin was immersed in 1.0 μg/mL of Cy5-streptavidin are shown in Fig. 2 .
As expected, the NHS-activated biotin-arrayed surface exhibited a higher fluorescence intensity than the non-activated biotin-arrayed surface. This higher intensity is attributed to the formation of a biotin-streptavidin conjugate, which confirms that NHS-activated biotin could be immobilized on the OIM slide. The non-activated biotin-arrayed surface exhibited a slightly higher fluorescence intensity than the unarrayed surface because of the nonspecific adsorption of non-activated biotin. The small difference in the fluorescence intensity between these two surfaces was also predictable. From the fluorescence intensity for the three surfaces, we concluded that biotin was immobilized on the OIM slide.
Solution assays of avidin/streptavidin
Next, we performed solution assays of avidin/streptavidin. The dye-labeled avidin/streptavidin concentrations were 10 μg/mL for fluorescein-avidin and 1.0 μg/mL for Cy3-and Cy5-streptavidin.
Here, note the fluorescein-avidin concentration. When the fluorescein-avidin was 1.0 μg/mL, a distinct fluorescence from the NHS-activated biotin-arrayed surface could not be detected with the glass slide. This is attributed to a high nonspecific adsorption by both the sugar chain structure, 33 and the high isoelectric point of avidin. 34 Thus, the fluorescein-avidin concentration was increased to ten-times greater than Cy3-and Cy5-streptavidin, so that the fluorescence for the glass slide could be detected by increasing the binding amounts of avidin and biotin.
The results of the solution assay are shown in Fig. 3 . The OIM slide exhibited a significantly higher fluorescence intensity for all dyes compared with the glass slide. It was found that the fluorescence intensities for the OIM and glass slides are relatively proportional up to 10 μg/mL of NHS-activated biotin concentration. We interpreted this linear increase as the concentration dependence of immobilized biotin.
Large standard errors are attributed to the inhomogeneity among fluorescent spots that occurred during the experimental processes. A higher amount of nonspecific adsorption for the fluorescein-avidin is considered due to the concentration of ten-times greater than those of Cy3-and Cy5-streptavidin.
The enhancement factor of the fluorescence was then calculated from the slope of the standard curve for the fluorescence intensities obtained with the OIM and glass slides. The enhancement factors are summarized in Table 1 . It was found that the fluorescence intensity with the OIM slide achieved an enhancement of approximately 50.0-fold for fluorescein, 61.8-fold for Cy3, and 73.3-fold for Cy5 compared with the glass slide.
These enhancements include the difference in the immobilization amount of NHS-activated biotin onto the OIM and glass slides. As described in the following section, the immobilization amount of NHS-activated biotin onto the OIM slide was approximately 1.9-fold higher than that onto the glass slide. It was found that the fluorescence intensity with the OIM slide reestimated with the consideration for the immobilization amount is enhanced by approximately 26.3-fold for fluorescein, 32.5-fold for Cy3, and 38.6-fold for Cy5. These results suggest that the OIM slide can be effectively applied in various biomolecular analyses, including the biotin-avidin/streptavidin system.
Estimation of the nonspecific adsorption amount
Before evaluating the concentration dependence of dye-labeled avidin/streptavidin using the spotting assay, the validity of this assay method was examined. In general, the dryness of a target solution on a substrate surface is known to cause a considerable amount of nonspecific adsorption. Because the spotting assay spots the target solution on the surface, it was predicted that this method would result in significant nonspecific adsorption. To establish that the fluorescence from the dye is not due to nonspecific adsorption, the amount of nonspecific adsorption of the dye-labeled avidin/streptavidin caused by the spotting method was examined.
Each 10 μg/mL of NHS-activated and non-activated biotin was arrayed onto the aminated OIM slide.
After the biotin immobilization process was performed, 1.0 μg/mL of Cy5-streptavidin was spotted onto three different surfaces: the NHS-activated biotin-arrayed surface, the non-activated biotin-arrayed surface, and the unarrayed surface.
The fluorescence from Cy5 was measured using a fluorescence scanner. At this stage, because Cy5-streptavidin remained physically adsorbed on the OIM slide, the OIM slide was immersed in the Tris-HCl buffer to bind it to the immobilized biotin. After washing, the fluorescence from Cy5 was measured again. The measurement results before and after washing are shown in Fig. 4 .
Before washing, the fluorescence intensities obtained for three surfaces were almost the same, because Cy5-streptavidin physically adsorbed on the surface as a result of the drying of the spot solution. On the other hand, the fluorescence intensity after washing changed substantially.
At this time, the NHS-activated biotin-arrayed surface had NHS-activated biotin immobilized onto the OIM slide.
The non-activated biotin-arrayed surface had a small amount of nonspecifically adsorbed non-activated biotin.
The fluorescence intensity for the non-activated biotin-arrayed surface was approximately 26% of that for the NHS-activated biotin-arrayed surface. Moreover, the intensity for the unarrayed surface was reduced to approximately 13%, because biotin does not exist on the surface. The nonspecific adsorption rate of Cy5-streptavidin onto the unarrayed surface almost corresponded with the result for the unarrayed surface, as shown in Fig. 2 . This correspondence supports the contention that the spotting assay can obtain results equivalent to those of the solution assay. Thus, we determined that the fluorescence from the dye for the spotting assay was not due to the nonspecific adsorption of the target.
Then, the same experiments were performed with the glass slide to estimate the immobilization amount of NHS-activated biotin. The amount of Cy5-streptavidin on the glass slide before washing was the same as that on the OIM slide, while the amount of Cy5-streptavidin after washing varied by the amount of NHS-activated biotin immobilized onto each a slide. From the difference in the fluorescence intensities before and after washing, the immobilization amount of NHS-activated biotin for each slide was estimated.
The fluorescence intensity with the OIM slide after washing was reduced by approximately 62%, compared with that before washing (Fig. 4) . On the other hand, the fluorescence intensity with the glass slide was reduced by approximately 32% (data not shown). From these results, it was found that the immobilization amount of NHS-activated biotin onto the OIM slide was approximately 1.9-fold higher than the glass slide.
Spotting assays of avidin/streptavidin
Finally, we performed spotting assays of avidin/streptavidin. The dye-labeled avidin/streptavidin concentrations were 0 -10 μg/mL for fluorescein-avidin and 0 -1.0 μg/mL for Cy3-and Cy5-streptavidin. The results of the spotting assays are shown in Fig. 5 .
Similar to the solution assay, the fluorescence intensities obtained with the OIM slide for all dyes were significantly higher than those obtained with the glass slide. It was found that the fluorescence intensities for the OIM and glass slides increased linearly up to concentrations of 10 μg/mL for fluorescein-avidin and 1.0 μg/mL for Cy3-and Cy5-streptavidin. We interpreted these monotonous increases as the concentration dependence of dye-labeled avidin/streptavidin. Compared to the results of the solution assays, the range of the error in the fluorescence intensity due to the inhomogeneity among fluorescent spots was very small. The small error range confirmed that the spotting assay can more quantitatively estimate the sensitivity of the avidin/streptavidin detections than a common analytical method. The fluorescence enhancement factor was then calculated from the slope of the standard curve for the fluorescence intensities obtained with the OIM and glass slides. The enhancement factors are summarized in Table 1 . It was found that the fluorescence intensity obtained with the OIM slide was improved by approximately 51.8-fold for fluorescein, 67.1-fold for Cy3, and 71.4-fold for Cy5 compared with the glass slide. Moreover, it was found that the fluorescence intensity with the OIM slide, re-estimated with the consideration for the immobilization amount of NHS-activated biotin, was enhanced by approximately 27.3-fold for fluorescein, 35.3-fold for Cy3, and 37.6-fold for Cy5.
However, we expected that the fluorescence enhancement when considered the immobilization amount will be around 80-fold. In our previous reports, the fluorescence enhancement of spin-coated rhodamine B on the OIM slide achieved 200-fold, 22 while that of spotted rhodamine B was 80-fold. 22 This decrease of the fluorescence enhancement was due to difference of the deposition method of rhodamine B. The results of this study indicate that less than a 40-fold enhancement is probably due to changes of the surface conditions by the immobilized biotin.
The fluorescence enhancement factor for all dyes almost corresponded with the results of the solution assays. The magnitude of these enhancement factors was comparable to, or more than, those obtained by other competing groups. The enhancement factor also increased in the order of fluorescein < Cy3 < Cy5. This order agrees well with that we reported previously, 23 thereby validating the data obtained in this study. Based on fluorescent labeling, we conclude that the OIM slide can be used as a substrate for highly sensitive biomolecular analysis.
Conclusions
In the present work, we demonstrated highly sensitive fluorescence detection of avidin/streptavidin using an OIM slide fabricated with Ag and Al2O3. The detection sensitivities of avidin/streptavidin labeled with fluorescein, Cy3, and Cy5 were estimated by two methods. In the solution assay, the detection sensitivity of the avidin/streptavidin on the OIM slide improved by two orders of magnitude for all dyes compared with the glass slide. In addition, the detection sensitivity of avidin/streptavidin using the spotting assay achieved almost the same improvement as the solution assay. We also established that compared with common analytical methods, such as the solution assay, the spotting assay can more quantitatively estimate the sensitivity of the avidin/streptavidin detections.
The OIM slide provides a high magnitude of fluorescence enhancement despite its simple structure. This simple structure allows easy fabrication of the OIM slide, which leads to high reproducibility and low cost. These features indicate that the OIM slide would be a promising alternative to traditional substrates for biomolecular analysis. Using the OIM slide would contribute to further progress in biomedical research and medical diagnostics.
